Abstract-This paper concentrates on the control of hybrid fuel cell/energy storage distributed generation systems under voltage sag in distribution systems. The proposed control strategy makes hybrid distributed generation system works properly when a voltage disturbance occurs in distribution system and it stays connected to the main grid. To distribute the power between dc power sources and stabilize the dc-link power, a lyapanov based neuro-fuzzy control strategy has been developed. Then, a fuzzy sliding-mode control strategy is presented for designing the controllers DC/DC and DC/AC converters. Simulation results are given to show the overall system performance including active power control and voltage sag ride-through capability of the hybrid distributed generation system.
INTRODUCTION
Control of Distributed Generation (DG) systems in power distribution systems is very important task that must be considered carefully. In fact the operation of distributed generation system is strongly depend on the operation of the control system. Many of the distributed generation systems are connected to the grid via power electronic converters to improve the system integrity, reliability and efficiency [1] . So it is important the control strategies are designed to keep the system stable under any disturbances and parameter variations in distribution systems [2] . The grid-connected power electronic converters are highly sensitive to grid disturbances and it makes to emphasize the necessity to reduce the effects of voltage disturbances on their operations [3] . In spite of the growing number of DG units, their contribution of power delivered to the utility grid remains small, as compared to the power injected by the large centralized power plants. However to support the grid in case of disturbances, it will become necessary to keep the distributed generator units connected to the grid. In the wide range of power quality disturbances, the interest focuses on voltage sags, which can severely affect the performance of the voltage source converter (VSC). A voltage sag is a drop in voltage with duration between one half-cycle and one minute [4] , which is in most cases caused by a short-circuit fault. Therefore, the operation of DG units under voltage sag has not received much attention in the past. Moreover, many grid operators demand the immediate shutdown of DG in case of grid disturbances as prerequisite for grid connection. However, as the power generated by DG units increases, this behavior stresses the utility grid and could cause power unbalance, which may turn into instability. So, the interaction between DG units and the grid during the voltage sag is very important and it must be considered for designing the proper control strategy. Hence in this paper a control strategy is proposed for fuel cell distributed generation systems combined with energy storage under voltage sag conditions. Up to now, a considerable study has not been introduced for fuel cell distributed generation systems and their operation under voltage disturbances. Authors have presented in [5] , the fuzzy control strategy for fuel cell distributed generation systems for voltage sag mitigation and active power control in distribution systems. The proposed fuzzy control strategy makes the fuel cell distributed generation could operate like static compensators (STATCOM) to mitigate the symmetrical voltage sag. However, the limitations of active power and reactive power injection to the grid during voltage sag have not been considered. During the voltage sag in distribution systems, a decrease in voltage magnitude at the gridconnected converter is occurs. In this case, the current controllers to avoid overloading the converter limit the power that DG unit can supply to the grid during a sag. For fuel cell distributed generation systems, the power limitation can be a problem resulting the slow dynamics of fuel cell power sources. According to the slow dynamics of fuel cell to respond the transient of power demand, usually an energy storage is combined with fuel cell. The comparison between battery and supercapacitor energy storages shows that the use of supercapacitor is better than battery for power quality problem studies and there are some limitations to use the battery energy storage. Due to the low power density of the battery than supercacitor, it cannot release its charge or discharge fast enough during the voltage sag [6] [7] [8] . Additionally, the main drawback of the batteries is a slow charging time, limited by a charging current, in contrast, the supercapacitor can be charged in a short time, depending on the availability of a high charging power from the main source. Although the batteries are considered to be the main energy storage device for DG application, their cycle and calendar life should still be improved. In most of today's DG applications, batteries are placed as an assistant power source [9] to deliver the power for long time. For these reasons, the use of the supercapacitor as an auxiliary source is expected that the very fast power response and high specific power can complement the slower power output of the main source (particularly the FC generator). So it is important to study the operation and the behavior of whole hybrid fuel cell/energy storage distributed generation system under voltage sag not only the response of power electronic converters. Hence, in this paper a robust control strategy has been presented for hybrid fuel cell/distributed generation system during voltage sag.
II. SYSTEM DESCRIPTION
In this paper, a grid connected HDGS is evaluated. Hybrid fuel cell distributed generation systems, like any DC generating system, need an electronic converter to interface with the AC system. In DG applications, the converter is connected in parallel with the network, in the same way a traditional generator is connected. Fig.1 shows the block diagram of the HDGS proposed in this paper. As shown in the figure, it consists of a fuel cell, a super capacitor, DC to DC power converters, a 3-phase DC to AC inverter and an output filter. The mathematical models describing the dynamic behaviour of each of these components are given in [1, 9] .
III. POWER FLOW CONTROL OF HYBRID DG SYSTEM DURING VOLTAGE SAG
In this section, the control strategy of the hybrid fuel cell/energy storage distributed generation system has been presented. During the voltage sag, a decrease in voltage amplitude occurs at the converter terminal. To keep the power supplied to the grid constant, the current should increase. It will be limited by the current controller however, to avoid overloading of the converter. This will thus limit the power that the DG unit can supply to the grid during sag, results the dc-link voltage will increase. To avoid a too high dc-link voltage, the power balance between inverter power and DG power must be satisfied. In fact, during voltage sag conditions, the power flow control strategy must be designed to stabilize the dc link power and regulate the dc link voltage consequently. The dc-link voltage is given by:
With P DG and P inv the DG power supplied to the dc-link and the inverter power absorbed the dc-link respectively. Also P FC and P ES are the fuel cell and energy storage power respectively. The overall control structure is illustrated in Fig.6 , which includes the power flow controller and local controllers for power conditioning units and the fuel cell. The term, "power flow control", refers to the design of the higher-level control algorithm that determines the proper power level to be generated, and its split between the two power sources.
During the voltage sag, the reference power of inverter is determined by the maximum power that can be supplied to the grid. So, the DG power must be decreased to avoid a too high dc-link voltage. Hence, the power management in hybrid fuel cell/energy storage distributed generation system is very important task and it affects on the operation of the system during voltage sag. So it should be robust under any variations in voltage and power. Moreover, the distribution of power between power sources must be done optimally. In this paper, a power flow control structure has been developed for hybrid power sources during voltage sag. It is based on the neuro-fuzzy algorithm and distributes the power between the fuel cell and energy storage according to the input parameters. The configuration of the proposed control strategy is shown in Fig.2 In this control structure, the fuel cell power is determined according to the error dc-link power (power difference between inverter power and DG power) ΔP(K), the error dclink voltage (voltage difference between desired voltage and bus voltage) ΔV dc (K) and the error fuel cell power (fuel cell power difference between P FC (k-1) and P FC (k)) ΔP FC (k). These inputs are calculated as follow: (
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In fact, the ΔP(K) and ΔV dc (K) and its derivative are very important during the decision process to stabilize the dc bus voltage during the occurrence of voltage sag. Also, ΔP FC (K) is very important to fuel cell operation and it makes to minimize the changes of the fuel cell power. The output of neuro-fuzzy controller is the fuel cell system duty ratio (K FC ).
It is a representation of mount power of fuel cell that must be delivered and varies between 0 and 1. Then according to this parameter, the amount of fuel cell power must be delivered is determined. The following equations show the fuel cell.
( )
Where P FC-nom is the nominal power of fuel cell. During the voltage sags, the power flow control strategy must be designed to manage the power between the fuel cell and energy storage power sources and the utility grid. Moreover, it is important to consider the dynamic limitation of the fuel cell, the fuel cell power must change smoothly so that the fuel cell operating point deviation is minimized and the life time of fuel cell is increased. In proposed neuro fuzzy control strategy, for each input, four fuzzy subsets have been used. These are ZE (zero), L (low), M (medium) and H (high). For each of these fuzzy sets, guassian membership function has been used. As each of the three inputs has seven four sets, there are altogether 64 control rules in the neurofuzzy logic controller. The detail of proposed neuro-fuzzy control strategy has been presented in [1] .
IV. CONTROLLER DESIGNS FOR POWER ELECTRONIC DEVICES AND FUEL CELL STACK
The final part of the control structure is the designing of the local controllers for fuel cell power plant, DC/DC converter and grid connected inverter to track the proposed set points. The focus of this section is based on the design of robust control strategy for power electronic converters include DC/DC converters and grid connected voltage source converter. Each component will be controlled by its own local controller so that the subsystem is stable and the power demand is satisfied as much as possible. Different control algorithms are applied to control of power electronic converters. As power electronic converters are nonlinear and time variant systems, the application of linear control techniques for the control of these converters are not suitable. Linear PID and PI controllers are usually designed for power electronic converters using standard frequency response techniques based on the small signal model of the converter. A bode plot is used in the design to obtain the desired loop gain, crossover frequency and phase margin. The stability of the system is guaranteed by an adequate phase margin. However, linear PID and PI controllers can only be designed for one nominal operating point. For example, a boost converter's small signal model changes when the operating point varies. Both the poles and a right-half plane zero, as well as the magnitude of the frequency response, are all dependent on the duty cycle. Therefore, it is difficult for the PID controller to respond well to changes in operating point. Hence, in this paper designing of fuzzy-sliding mode control strategy is proposed to control of power electronic converters. The sliding-mode control approach is one of the robust control methods to handle systems with model uncertainties. Systematic design procedures for sliding-mode controllers are well known and available in the literature [10] . However, it may result in chattering phenomenon due to the high frequency switching near the sliding surface. The switchingtype control law should be avoided in many applications, such as servo control systems and structure vibration control systems, and it is hard to achieve in practice. Several methods were proposed to overcome this side effect. The fuzzy sliding-mode control (FSMC) approach is proposed such that it can be applied with advantages to both fuzzy and slidingmode controller. The structure FSMC is simple and will not result in the chattering phenomena. The FSMC is a hybrid controller and inherits the advantages of fuzzy and slidingmode controllers. The main advantage of the fuzzy controller is its heuristic design procedure and it is a model-free approach. However, when the fuzzy variables are more than two, the synthesis of a complete fuzzy rule set is not easy. The sliding mode control approach guarantees the robustness and stability of the resulting control system, which can systematically be achieved at the cost of the chattering side effect. The combination of fuzzy control strategy and slidingmode control method becomes a feasible approach to preserve the advantages of these two approaches. The structure of fuzzy sliding-mode controller is described as follows. Let s(x) = 0 be the sliding surface that is determined by design requirements, and x is the error state vector. Let s denote the fuzzy variable of the universe of discourse s. Then, some linguistic terms can be defined to describe the fuzzy variable s, such as zero, positive large, or negative smaller, etc. Each linguistic term expresses a certain situation in the system. For example, s is "zero" means the state of system is on the sliding surface or is near to the sliding surface. s is "positive large" means the system state is far from the sliding surface and s(x) > 0. Such linguistic expression can be used to form fuzzy control rules as below. RI: If s is NB then u is PB. R2: If s is NM then u is PM. R3: If s is ZO then u is ZO. R4: If s is PM then u is NM. R5: If s is PB then u is NB. where u denotes the fuzzy variable of the universe of discourse of the control signal u, NB denotes "Negative Big", NM denotes "Negative Mid", ZO denotes "Zero", PM denotes "Positive Mid", and PB denotes "Positive Big".
Control strategy of Boost DC-DC Converter
The output power of fuel cell is controlled and conditioned by a high power dc-dc converter, so that the electric characteristic of the dc-dc converter should match that of the fuel cell. Fig. 3 shows the DC/DC converter model. This boost converter is described by the following two non-linear state space averaged equations [1, 9] :
.
Where ''d'' is the duty cycle of the switching device, ''U'' is the input voltage, ''i L '' is the inductor current and ''U C '' is the output voltage.
In this paper the current mode control of dc/dc converter has been used to regulate the fuel cell current and output voltage. This topology uses two-loop control, which use output voltage and a selected current as feedback signal. The current mode has several advantages over the conventional voltage mode. First it can be prevent from the failure due the excessive switch current by limiting the maximum value of 
Buck-Boost DC/DC Converter Model
This converter topology is slightly more complex than the boost converter since includes one additional switch. But it has the advantage of allowing bidirectional power flow, which means energy can flow from the energy source to the load and back from the load to the energy source. This feature is very convenient for energy storage devices like batteries and supercapacitors, because it allows to recharge the device after each time their energy is used. The schematic of buck boost converter is shown in Fig.4 . The average model of such a converter could be defined by the following equations [11] :
where i L and v C denote the average input current and the average output capacitor voltage, respectively. The control input for the above model is the function d, called duty cycle function.
Control Strategy of Shunt-Connected Voltage Source Converter
Control of grid connected voltage source converter (VSC) is an important problem during voltage disturbances like voltage sag. Voltage sag is a reduction in the RMS voltage in the range from 0.1 to 0.9 p.u. of the nominal voltage for duration greater than half cycle and less than one minute. The drawback of using VSC is its sensitivity to voltage disturbances. For a VSC, a sudden decrease in grid voltage normally causes an increase in current, as the control attempts at maintaining the power to the DC link constant. Moreover, most faults are unbalanced and result in unbalanced voltage sag, which produce undesirable power oscillations of low order frequencies in current harmonics and poor DC-link voltage regulation. Ultimately, this can also lead to tripping of the converter due to DC overvoltage. The VSC is connected to the grid via a filter inductor. The state space model in positive and negative synchronous reference frames for the grid connected inverter is shown in (6), respectively. . L dp qp dp i dp sdp L qp dp qp i qp sqp
i dp , i qp positive-sequence dq grid currents i dn , i qn negative-sequence dq grid currents v i,dp , v i , qp positive-sequence dq voltages at inverter terminals v i,dn , v i , qp negative-sequence dq voltages at inverter terminals v s,dp , v s , qp positive-sequence dq grid voltages v s,dn , v s , qn negative-sequence dq grid voltages The VSC controller is required to have main functions: Current control and DC link voltage regulation. A comparison between different types of current controllers for shunt connected VSC presented in [3] has proved that Dual Vector Current Controller (DVCC), first proposed in [12] , is capable of providing sinusoidal grid currents and regulated DC-link voltage during unbalanced faults. The current controller used in this paper consists of two fuzzy sliding mode controllers that control the positive and negative sequence current separately and are implemented in two different rotating coordinate systems. A simplified scheme for the DVCC is shown in figure 5 . The VSC is connected to the grid via filter inductors. The three phase grid currents and voltages are sampled and transformed into its positive and negative sequence components. The positive and negative sequence of dq-components are then used along the with the reference current signals in the DVCC to produce the reference voltage signals for the PWM regulator. According to the proposed control strategy, the purpose of the current controller is to synthesize a voltage correction vector so that the current error vector can be kept to a minimum value. The error current-vector is defined as:
Where i ref (k) is the specified current vector command for the positive and negative sequence of dq-components and i(k) In order to work with an invertible matrix (4×4), oscillating reactive power (Q 2c , Q 2s ) can not be included in the current reference calculation. Therefore, oscillating reactive power is not controlled and will flow through the system. By expanding Eq. (8), the following expression in matrix form can be written:
qp dp qp dp qn dn dn qp dn qn dn qn dp qp qn dn qp dp Where P g and Q g are the constant active and reactive power, respectively, while the subscripts P s2g and P c2g represent the second harmonic sine and cosine component of the active power. These are the oscillating powers due to the unbalance in the grid voltages. The reference currents can be calculated as follow: 1 * * * * * 2 * 2 dp dp qp dn qn qp dp 
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This algorithm calculates current references (10) by setting active and reactive power references (P * , Q * ), and by forcing the oscillating active power demanded by the filter to be delivered from the grid ( 
V. SIMULATION RESULTS
This section presents simulation results for the system shown in Fig.1 . In order to show the effectiveness of proposed control strategy, the simulation model of the proposed hybrid DG system has been built in Matlab/Simulink environment. The parameters of the hybrid fuel cell/ supercapacitor distributed generation system in this study are given in Table  3 . The energy storage bank operates as a buffer of energy to meet load demand that cannot be met by the FC system, particularly during transient or disturbances periods. In this case study, the output power of the FC system is limited to 50 kW and the supercapacitor bank has is capable of sustaining the extra load of 20 kW during the voltage disturbances. For the evaluation of proposed control strategy, these objectives must be considered: i) evaluate the robust current controller; ii) dc-link voltage ripple during voltage sag; iii) power flow between fuel cell and supercacitor; iv) evaluate the operating performances of each power source under voltage sag. The system has been tested under a 50% unbalanced voltage sag type C [12] . The voltage sags start at 4.3sec and ends at 4.4sec. Simulations for the voltage sag type C are shown in Figs. 6-10. It is supposed that in the proposed control strategy the reactive power is zero and there is no grid voltage support by injection of reactive power. The grid currents during voltage sag type C increase to above 1.5 p.u, the grid currents are limited by current controllers to avoid overloading of the converter (Fig.6 ). Also after voltage sag, the current controllers adapt fast according to the new current references to shape the grid currents. During the voltage sag, there are distortions in currents, but the system performance is not affected by this distortion. The DC-link voltages are shown in Fig. 7 . DC-link voltages show a oscillations during the transients at the beginning and end of the sag. However, the ripple during the transient is not bigger than 10% peak-topeak and is quite quickly damped to almost zero. In these conditions, to stabilize the dc-link voltage, the neuro-fuzzy controller manages the power flow between fuel cell and supercapacitor, resulting the reference power of the energy storage bank changes for decreasing the input power to dc bus during voltage disturbances and the proposed control strategy switches the energy storage bank to the charging mode. As shown in Figs.8, the generated power of the hybrid distributed generation system decreases during voltage disturbances to increase the voltage sag ride-through capability. In fact, during the voltage sag, the current controllers limit the output current to avoid the overloading of the converter. As a result the power that converter supplies to the grid deceases, resulting in an oscillations in dc link voltage. The grid converter now controls the power (with its set point determined by the maximum current). There are oscillations on the generated power of the hybrid system during voltage sag. A possible reason of this can be found in the oscillating power reference calculation (11) (12) (13), which depends on the actual current values. In this case, according to the robust properties of fuzzy-sliding mode controller, the system instability does not occur. From Figs. 9-10, it is evident that the FC system and energy storage bank together share this load requirement. Because of the slow variations of the SOFC, the output power of the fuel cell power plant remains constant during the voltage sag. According to the simulation results, it is clear that the parameters of fuel cell system has not changed during the occurring the voltage disturbances in distribution systems. These parameters are very important on the life time of fuel cell system.
VI. CONCLUSION
In this paper, a neuro-fuzzy logic control strategy is proposed for the hybrid fuel cell/ energy storage distributed generation system to evaluate the performance of this system during voltage sag in distribution system. Also to control of power electronic converters, fuel cell; the self tuning fuzz-PI controller is investigated to guarantee the safe operation of each component. For the evaluation of proposed control strategy, the hybrid DG system is tested under unbalance voltage sag. Simulation results show that the proposed control strategy is able to tolerate under various voltage sags and keep the system performances like active power control and stability of dc-link.
